Purpose One of the interesting features of the amyloid tracer Pittsburgh compound B (PiB) is that it generates a signal in the white matter (WM) in both healthy subjects and cognitively impaired individuals. This characteristic gave rise to the possibility that PiB could be used to trace WM pathology. In a group of cognitively healthy elderly we examined PiB retention in normal-appearing WM (NAWM) and WM lesions (WML), one of the most common brain pathologies in aging. Methods We segmented WML and NAWM on fluid attenuation inversion recovery (FLAIR) images of 73 subjects (age 61.9±10.0, 71 % women). PiB PET images were corrected for partial volume effects and coregistered to FLAIR images and WM masks. WML and NAWM PiB signals were then extracted. Results PiB retention in WML was lower than in NAWM (p < 0.001, 14.6 % reduction). This was true both for periventricular WML (p<0.001, 17.8 % reduction) and deep WML (p=0.001, 7.5 % reduction). Conclusion PiB binding in WM is influenced by the presence of WML, which lower the signal. Our findings add to the growing evidence that PiB can depict WM pathology and should prompt further investigations into PiB binding targets in WM.
Introduction
Pittsburgh compound B (PiB) is the first and most widely used PET tracer for detecting cortical amyloid plaques, a pathological hallmark of Alzheimer's disease (AD) [1] . An interesting feature of PiB is its significant retention in the cerebral white matter (WM). While the reason for PiB binding in the WM remains unclear, data link it to the lipophilic character of PiB [1] and high WM lipid content. Moreover, both healthy subjects and AD patients have low PiB delivery to WM and slow WM PiB clearance [1] . Although direct comparisons between AD and healthy controls have shown no differences in WM PiB clearance [2] or WM PiB signal intensity [1, 3] , in healthy controls with no cortical retention, slower PiB clearance from WM than from gray matter (GM) results in distinct images in which the WM intensity exceeds the cortical signal. This effect is especially evident with later acquisition times. This characteristic picture gave rise to the possibility that PiB could be used as a WM tracer [4, 5] . Indeed, some researchers have used PiB to image patients with multiple sclerosis (MS) and noted a significant reduction in PiB uptake in demyelinated plaques in comparison with normal-appearing WM (NAWM) [4] .
WM lesions (WML) are common among the elderly and show a wide range of histopathological changes [6] . While they alter tissue properties, their interactions with PiB have not yet been studied. Because WM hyperintensities are prevalent in the older population, which is currently the main target of amyloid imaging, it is vital to understand how WML affect amyloid scans. To answer this question, we examined PiB retention in WML and the NAWM.
Materials and methods

Subjects
The study included 73 subjects (mean age 61.9±10.0 years, 71 % women, education 17±2.0 years). All participants signed IRB-approved consent for protocols investigating risk factors of cognitive decline and AD. All individuals underwent extensive medical, psychiatric, and neurological examinations and had a laboratory work-up. All were diagnosed as cognitively healthy, with a Mini Mental State Examination score ≥26 and a Clinical Dementia Rating of 0. The study excluded subjects with a score >16 on the 17-item Hamilton Depression Scale [7] , as well as subjects with brain tumors, neocortical infarction, diabetes, substance abuse, and psychotic disorders.
Imaging
MRI acquisition MR Imaging was performed on a 1.5-T scanner (GE, Milwaukee, WI). The protocol consisted of a T1-weighted 3D fast gradient echo sequence (coronal orientation, repetition time 35 ms, time to echo 2 ms, flip angle 60°, number of excitations 1, slice thickness 1.6 mm) and a 2D fluid attenuation inversion recovery (FLAIR) sequence (axial orientation, repetition time 9,279 ms, time to echo 127 ms, inversion time 2,300 ms, flip angle 90°, number of excitations 1, 32 slices, slice thickness 3.3 mm).
Whole brain volumes
Brain parenchyma volume, V B , was obtained by automatic segmentation of T1-weighted images [8] . The process began by finding a "pure WM" seed, defined as a 1-cm cubic region with a minimal coefficient of variability of the T1 signal. An initial mask M 0 was then constructed from voxels with signal >0.55 relative to the seed signal. Next, cerebrospinal fluid (CSF) spaces were excluded, and the head/ neck muscles and optic nerves were disconnected using subvoxel erosion with a 2.7-mm radius. The program then computed the largest connected components of the eroded mask. A constrained growth operator was applied to generate the brain parenchyma mask M. The brainstem, the pons and the cerebellum were retained in M. V B is the product of the number of voxels in M and the voxel volume [8] .
WML segmentation FLAIR images were first corrected for signal non-uniformity with the N3 algorithm. The brain mask M was then created (see above). In order to assure that hyperintensities located at the ventricular border were considered, a set M′ was created by applying the 3D morphological fill operator to M. Next we created the set L 0, containing voxels in M′ with signal 2.5 standard deviations (SD) above the mean FLAIR signal for M. L 0 was filtered to remove (a) cortical voxels located within 3 mm of the surface of M, (b) small clusters of volume <12 mm 3 (presumed to represent image noise), and (c) connected regions having >50 % CSF border (presumed to represent the choroid plexus and the septum). The WML volume V WML was the product of the FLAIR voxel volume and the number of voxels in the WML mask. The fractional WML volume fV WML was generated as
We have previously analyzed the accuracy of this method [9] by comparing it against hand-segmentation of WML. The reference (manual tracing) distribution of lesion volumes V was 4.6±7.6 cm . V measured by the automatic tool at 2.5 SD was 5.9±7.1 cm 3 . There was a highly significant linear relationship (adjusted R 2 =0.972, df=72, p<0.0001) between the values of V determined by the automatic method and by the manual method. The automatic segmentation was characterized by a significant multiplicative oversegmentation bias, averaging 1.36 cm 3 . When automatically computed lesion volumes were calibrated to remove that bias, the mean absolute error was reduced to 0.94 cm 3 . When 2 SD was used to define WML, the bias was significantly larger than with 2.5 SD. When 3 SD was used, the correlation with the reference measurements was reduced.
The WML volume was subdivided into periventricular (PWML) and deep (DWML). First, the ventricular mask (M ′ − M) was generated by calculating the set difference between the filled brain mask M′ and the brain parenchyma mask M. The periventricular region was created by morphological growth of the ventricular mask by 13 mm [10] . PWML were generated by intersecting the WML mask with the periventricular region; DWML as the set difference WML − PWML. V B and WML volumes were determined using locally developed software FireVoxel (https://files.nyu.edu/hr18/public).
PiB PET acquisition Scans were performed on an LS Discovery scanner (GE, Milwaukee, WI), with 5.4 mm full-width at half-maximum, 30 cm field of view. Before scanning, a venous line was inserted in the antecubital vein, and 15 mCi (about 550 MBq) of PiB (radiochemical purity >98 %) was administered. Scanning was started about 60 min after injection and lasted 30 min. Prior to PET examination, a CT transmission scan was acquired for attenuation correction. All images were corrected for photon attenuation, scatter, and radioactive decay, and reconstructed into a 512 × 512 matrix.
PiB PET and FLAIR image processing The PiB data from 60 -90 min were used to generate summed PET images. PiB and FLAIR images (together with corresponding WML masks) were coregistered and resliced to the T1 scans using the normalized mutual information algorithm in SPM8. T1-weighted MRI images were previously segmented into GM, WM and CSF masks. After coregistration of FLAIR images, a NAWM mask was created as all voxels with a probability greater than 99 % from the T1 segmented WM mask minus the WML mask. In all cases the images from each modality were successfully coregistered and segmented. PiB FLAIR within-subject coregistrations were examined by an experienced observer as (a) variable opacity overlays, and (b) overlays of FLAIR brain edges over PiB, and all demonstrated good accuracy. Figure 1a shows PiB FLAIR coregistered images in a patient with an extremely high WML load. Figure 1b shows coregistered images in a patient with a mild WML load, mostly in the frontal region. Figure 2 shows images with the DWML separated from the total WML mask for the patients presented in Fig. 1 . PiB uptake values were extracted from WML and NAWM masks.
Partial volume correction (PVC) of PiB images was performed using Muller-Gartner's three-compartment method [11] . First the MRI image segmented into GM, WM, and CSF was modified by convolving it with the point-spread function of the PET scanner. Additionally the segmented white and GM were adjusted for lesions before convolution. A resolution of 6 mm was assumed for the GE PET scanner. The PET images were then divided by the modified MRI image to provide an estimate of radioactivity concentration. For PiB images, a cerebellar region of interest, sampling the posterior lobe cortex between the primary fissure and the posterior fissure, was used to extract the cerebellar intensity. This value was used to normalize the intensity in the NAWM and WML masks.
Statistics
A paired t-test was used to compare PiB retention in NAWM and WML.
Results
The mean fV WML (combined PWML and DWML) was .45 ±.80%; for PWML it was .35±.58%, for DWML .11 ±.24%.PiB binding in WML was reduced by 14.6% compared with NAWM, (t 72 =15.8, p<.001). This was true both for PWML (t 72 =17.8, p<.001, 17.4% reduction) and DWML (t 72 =4.5, p<.001, 7.5% reduction). The signal in PWML was also significantly lower than in DWML (t 72 =5.6, p<.001, 11% reduction) ( Table 1) .
Discussion
PiB signal is significantly lower in FLAIR hyperintense lesions than in the NAWM. Since PiB PET images have lower resolution than FLAIR images, with a blurry ventricular border, we performed PVC and examined PWML and DWML separately to test the possibility that our findings were confounded by partial volume effects. The reduction was significant in our PVC data in both PWML and DWML, although the effect in PWML was stronger than in DWML. We conclude that our results were not biased by partial volume artifacts.
There has been growing interest in the relationship between PiB deposition and WML. However, most of the studies examined the association between WML and PiB uptake in the cerebral GM, i.e. investigating the influence of WML on progression of cortical PiB accumulation [12] , how WML and GM PiB interact to predict AD diagnosis [13] , and whether WML facilitates cortical amyloid deposition [14] . None of the studies addressed PiB retention in WM.
The target of PiB binding in the WM is poorly understood. It has been shown that this binding is nonspecific since it is nondisplaceable [1] and nonsaturable [2] . The lipophilic character of PiB [1] and the high lipid content of WM may explain our observation. Since WML constitute areas of demyelination, and consequently loss of lipids, WML could show a lower PiB signal. Second, myelin basic protein (MBP) is one of the major protein components of myelin [15] . In the presence of lipids, MBP takes the form of a β-sheet [15] , which is a target for PiB binding. MBP is reduced in WML [16] , and as a result, WML may retain less PiB, consistent with our finding. Using autofluorescence measurements, Stankoff et al. found that PiB stains WM tracts in brain sections from mice and humans. Moreover, in the brains of MS patients, the same staining clearly identifies fully and partially demyelinated lesions [4] , possibly reflecting the amount of MBP. However, Fodero-Tavoletti et al. did not observe staining of WM tracts with PiB in AD or control brain sections [2] . Also, autoradiographic experiments did not show [ 3 H]PiB binding to WM tracts in patients with traumatic brain injury [17] .
The average decrease in WML PiB signal in our subjects was 14 %, in contrast to the value of about 30 % reported previously for those with demyelinating MS lesions [4] . This supports the finding that WML demyelination is less pronounced and coexists with other pathologies in aging, while it is a dominant feature in MS. Also in line with our findings, Hong et al. observed that although patients with traumatic brain injury show somewhat greater PiB binding in WM structures than controls, regions with a high signal on FLAIR images show no increase in PiB retention [17] . In a recent PET study of a rat demyelination model, a strong correlation was found between demyelination/remyelination scores and PiB binding in the lesions [5] . Moreover, PiB was the only one of three tracers to correctly detect remyelination. In our study, reduction in PiB retention was greater in PWML than in DWML. Although both PWML and DWML show myelin loss and pallor [6] , some have found that PWML displays greater MBP loss on immunohistochemical staining than DWML [16] . Furthermore, in our patients the mean PWML volume was higher than the DWML volume. This indicates that, as previously reported [16] , PWML appear earlier, progress faster and exhibit greater MBP loss.
There are several clinical implications of our findings:
& In healthy younger controls without WML, one should expect high PiB contrast between WM and GM. & In an older population, in which both WML and amyloid are prevalent, the attenuation of PiB WM signal related to WML may improve conspicuity of GM tracer uptake. & This phenomenon could be even more pronounced in AD patients who often present with a high WML load.
& In patients with low cortical amyloid deposition combined with neighboring WML and extensive atrophy, the cortical PiB signal could be diluted by a lower WM signal, leading to a false-negative interpretation.
The limitations of our study include the lack of kinetic data. We were only able to use the retention data for the period 60-90 min after injection. Another limitation was the lack of pathological post-mortem confirmation of our results. Future studies with pharmacological blocking of PiB are warranted. Fig. 1 Coregistered FLAIR and PiB images in (a) a patient with an extremely high WM lesion (WML) load, and (b) a patient with a very mild WML load, mostly in the frontal region. a Row I shows PiB images with superimposed masks: left WML (black outline indicated by black arrows), center gray matter (GM) obtained from T1 segmentation (white outline), right normal appearing WM (NAWM) (white outline). Row II WML mask (white outlined in red, red arrows; superimposed GM and NAWM masks outlined in red). Row III FLAIR images with superimposed WML (red arrows), GM, and NAWM masks, respectively. b Coregistered FLAIR and PiB images (rows I-III as in a) Fig. 2 Separation of deep WML (DWML) from the WML mask (left column images from the patient presented in Fig. 1a , left column patient presented in 1b). Row I PiB images (DWML outlined in black with black arrows). Row II WML mask (DWML outlined in red with red arrows). Row III FLAIR images (DWML outlined in red with red arrows) In conclusion, PiB binding in WM is influenced by the presence of WML, which lower the signal. Although this phenomenon may complicate image interpretation only in a limited group of subjects, it adds to the growing evidence that PiB is a sensitive marker of WM injury and prompts further investigations into PiB binding targets in WM.
